The role of Mid1, a stretch-activated ion channel capable of being permeated by calcium, in ascospore development and forcible discharge from asci was examined in the pathogenic fungus Gibberella zeae (anamorph Fusarium graminearum). The ⌬mid1 mutants exhibited a >12-fold reduction in ascospore discharge activity and produced predominately abnormal two-celled ascospores with constricted and fragile septae. The vegetative growth rate of the mutants was ϳ50% of the wild-type rate, and production of macroconidia was >10-fold lower than in the wild type. To better understand the role of calcium flux, ⌬mid1 ⌬cch1 double mutants were also examined, as Cch1, an L-type calcium ion channel, is associated with Mid1 in Saccharomyces cerevisiae. The phenotype of the ⌬mid1 ⌬cch1 double mutants was similar to but more severe than the phenotype of the ⌬mid1 mutants for all categories. Potential and current-voltage measurements were taken in the vegetative hyphae of the ⌬mid1 and ⌬cch1 mutants and the wild type, and the measurements for all three strains were remarkably similar, indicating that neither protein contributes significantly to the overall electrical properties of the plasma membrane. Pathogenicity of the ⌬mid1 and ⌬mid1⌬cch1 mutants on the host (wheat) was not affected by the mutations. Exogenous calcium supplementation partially restored the ascospore discharge and vegetative growth defects for all mutants, but abnormal ascospores were still produced. These results extend the known roles of Mid1 to ascospore development and forcible discharge. However, Neurospora crassa ⌬mid1 mutants were also examined and did not exhibit defects in ascospore development or in ascospore discharge. In comparison to ion channels in other ascomycetes, Mid1 shows remarkable adaptability of roles, particularly with regard to niche-specific adaptation.
The majority of fungal spores are nonmotile, driving evolutionary creativity for other means of dispersal. In the Ascomycota, asci function predominantly as water cannons that forcibly discharge ascospores into the air. The buildup and release of turgor pressure within asci have long been hypothesized as driving ascospore discharge, with the first such reference by DeBary (18) , and yet the mechanism of ascus function has never been elucidated in any fungus. In Gibberella zeae, pharmacological screenings showed that K ϩ channel and L-type calcium channel blockers inhibit discharge (49) . Analysis of periplasmic fluid from discharging asci revealed that accumulation of K ϩ and Cl Ϫ would generate turgor pressure close to that necessary for discharge, with Ca 2ϩ below detectable levels (48) (F. Trail, unpublished results). These results suggest that potassium functions as the osmoticum and that calcium plays an essential role in signaling ascospore discharge. Calcium signaling can result in rapid cellular responses, such as cell motility and contractile events, or more slowly paced responses, such as shifts in gene expression and cell division (3, 14) .
In fungi, two types of calcium uptake are known-a highaffinity calcium uptake system (HACS) and a low-affinity calcium uptake system (LACS). Initially characterized in Saccharomyces cerevisiae, the HACS is composed minimally of Cch1, an L-type voltage gated calcium channel, and Mid1, a stretchactivated nonselective channel capable of being permeated by calcium and acting as the major calcium entry route when calcium availability is low (22, 27, 38) , whereas the LACS is composed minimally of Fig1, a transmembrane calcium channel or regulatory protein, and is the primary calcium entry route during high calcium availability (5, 35, 36) . Mid1 and Cch1 have been shown to be involved in calcium uptake from the environment for homeostasis and signaling. In calciumlimited medium, calcium uptake was significantly reduced and death of MATa cells followed formation of shmoos upon exposure to ␣-factor in single mutants of each of these genes; double mutants behaved similarly. In mammalian cells, heterologous expression of S. cerevisiae Mid1 (ScMid1) resulted in a stretch-activated influx of Ca 2ϩ . Whether the influx arose from direct formation of Mid1 channels or from regulatory modulation of an endogenous channel is still unclear, as is whether Mid1 endogenously forms a channel or serves in a regulatory capacity or both in fungi (28, 34, 44, 51) .
In studies of filamentous fungi, investigations published to date have reported only on MID1 and CCH1 of the HACS, with the LACS components not yet characterized. In the filamentous ascomycete Neurospora crassa, ⌬mid1 mutants displayed reduced vigor, reduced conidiation, lower hyphal turgor pressure, and lower membrane potential (31) . Unlike the results seen with ⌬mid1 mutants of S. cerevisiae, addition of calcium to culture medium does not restore the wild-type phe-notype to N. crassa ⌬mid1 mutants. However, N. crassa ⌬mid1 mutants successfully mate and produce viable ascospores. In G. zeae, ⌬cch1 mutants displayed less-vigorous hyphal growth, delayed sexual development, and significantly reduced ascospore discharge (26) . Application of exogenous calcium to ⌬cch1 mutants restored the wild-type phenotype. In particular, addition of calcium to cultures of ⌬cch1 mutants with mature perithecia rescued ascospore discharge, supporting a role for direct calcium signaling in the discharge mechanism. To further the understanding of the role of the HACS in growth and development of G. zeae, we report the generation of ⌬mid1 and ⌬mid1 ⌬cch1 double mutants and characterize the mutant phenotypes as determined through a series of culture-based assays, electrophysiology experiments, and a pathogenicity assay using the host (wheat). Additionally, the ability of N. crassa ⌬mid1 mutants to forcibly discharge ascospores was not assessed in the 2008 Lew et al. study (31) , so we also monitored sexual development and the ability to discharge ascospores in reciprocal crosses of these mutants to assess whether the role of HACS in forcible ascospore discharge is conserved between G. zeae and N. crassa.
MATERIALS AND METHODS
Strains and culture conditions. All strains used in this study are listed in Table  1 . N. crassa strains were obtained from the Fungal Genetics Stock Center and stored at Ϫ20°C. G. zeae strains were maintained on sterile soil at Ϫ20°C and as macroconidium stocks (10 6 to 10 8 conidia/ml) in 35% glycerol at Ϫ80°C. Macroconidia were produced in carboxymethylcellulose (CMC) liquid media as previously described (11) . For G. zeae, perithecia were induced in culture on carrot agar as previously detailed (8, 25, 48) . Briefly, strains were center inoculated on carrot agar, and cultures were incubated at room temperature under conditions of continuous fluorescent lighting. As mycelia reached the edge of the plates, they were gently removed from the surface, 1 ml of a 2.5% Tween 60 solution was spread across the surface, and the incubation was continued.
Sexual crosses. G. zeae is homothallic but can outcross. Crosses were initiated by the mycelial plug method. Along the interface between strains, cirrhi (masses of exuded ascospores) were isolated from individual perithecia and suspended in 200 l of sterile deionized water (diH 2 O) by vortexing. Aliquots of the ascospore suspension (80 l) were spread across the surface of minimal medium supplemented with tergitol and L(Ϫ)sorbose (MMTS) (8) . Growth of non-nitrateutilizing mutants (nit Ϫ ) is sparse on MMTS and easily distinguished from wildtype growth. As a result, recombinant cirrhi contained both wild-type nitrateutilizing (nit ϩ ) and nit Ϫ mutant progeny and were easy to distinguish from the cirrhi from homozygous perithecia. After 3 to 5 days of growth, colonies from plates containing recombinant cirrhi were individually transferred to V8 agar to maintain the culture and also to Czapek-Dox agar (45) for confirmation of the nitrate phenotype before subsequent analysis. For the ⌬mid1 ϫ PH-1 55 crosses, only nit Ϫ colonies were harvested. Nit ϩ colonies were selected from the mn-11 ϫ ⌬cch1-T14 crosses. N. crassa crosses were performed by inoculating single strains of opposite mating types onto synthetic crossing medium (17) and maintaining the strains under conditions of continuous fluorescent lighting. Seven days postinoculation, macro-and microconidia were washed from the medium and transferred to the culture of the opposite mating type, under which conditions the two conidial types function as spermatia to fertilize protoperithecia (4, 16, 19) . Crosses were maintained under conditions of continuous fluorescent lighting during perithecial development.
DNA constructs and genetic transformation. DNA was isolated from G. zeae and N. crassa mycelia by the use of a hexadecyltrimethylammonium bromide (CTAB) method as previously described (26) , modified by treatment with proteinase K (final concentration, 2.0 mg/ml) for 1 to 2 h at Յ65°C or overnight at 37°C, following the first RNase digestion.
All G. zeae nucleotide data were obtained from http://mips.helmholtz -muenchen.de/genre/proj/FGDB/. Unless otherwise noted, PCR amplifications used PH-1 genomic DNA (gDNA) as the template. Primers used in this study are listed in Table 2 . For targeted gene replacement constructs, a split-marker protocol was performed (13, 20, 21) . Primers were designed to amplify a 687-bp region (supercontig_3.4 [bp 3454858 to 3454172]) and a 536-bp region (supercontig_3. 4 [bp 3452227 to 3451692]) upstream (L) and downstream (R), respectively, of the coding sequence of MID1 by the use of primers L5 and L3 and primers R5 and R3. L3 and R5, the primers closest to MID1 coding sequence, have 5Ј tails of 24 and 22 bases complementary to the 5Ј and 3Ј ends of the hygromycin resistance marker from pCB1004 (12) , which encodes hygromycin phosphotransferase (hph) and allows selection of transformants with hygromycin B (HygB). For split hph, a 1.4-kb 5Ј fragment and a 1.2-kb 3Ј fragment of hph overlapping each other by 800 bp were amplified using primers HygF for M1 and 5Ј 1/2 HygR and primers 3Ј 1/2 HygF and HygR for M1, respectively. Primers HygF for M1 and HygR for M1 contain 5Ј tails of 13 and 8 bases complementary to the 3Ј and 5Ј ends of the MID1 L and R fragments, respectively. The 5Ј hph fragment was merged with the amplified L flank, and the 3Ј hph fragment was merged with the R flanking region by PCR. Both merged products were transformed into G. zeae. Thus, successful replacement of the MID1 gene required two recombination events for each construct to integrate into the MID1 locus and a third recombination between the constructs to create a functional hph marker.
For complementation of the mid1 mutants, a 3,741-bp fragment of the MID1 locus, spanning 906 bp upstream to 927 bp downstream of the MID1 coding sequence (supercontig_3.4 [bp 3455040 to 3451301]), was generated by PCR Genetic transformation of G. zeae protoplasts was mediated by the use of polyethyleneglycol as previously described (23) . Following transformation for gene replacement, protoplasts recovered on regeneration medium for 15 h followed by an overlay of regeneration medium containing 150 g/ml HygB. Putative transformants were selected for growth through the overlay and were transferred to V8 agar containing 450 g/ml HygB. Following the complementation cotransformation, protoplasts recovered on Czapek-Dox agar adjusted to 0.79 M sucrose for 15 h and were then overlaid with standard Czapek-Dox agar. Colonies growing vigorously on the overlay were transferred individually to CzapekDox agar to confirm the nit ϩ phenotype. All putative transformants were regenerated from single spores to obtain pure genetic cultures as previously described (26) and were then transferred to V8 agar for subsequent phenotype analysis.
Southern hybridization was performed as previously described using standard molecular techniques (23, 41) . Genomic DNA was digested to completion with PvuI and was resolved by electrophoresis in Tris-acetate-EDTA. DNA was transferred to a Nytran Supercharge nylon membrane (Schleicher and Schuell Bioscience, Keene, New Hampshire). Three probes were generated by PCR, a MID1 L (left flank) fragment, a 1.2-kb hph fragment amplified using primers 3Ј 1/2 HygF and 5Ј 1/2 HygR, and a 738-bp internal CCH1 fragment (supercontig_3.1 [bp 4488045 to 4497308]) amplified using primers Cch1 probeF and Cch1 probeR. Probes were labeled with [␣- 32 P]dCTP by the use of a random primer DNA labeling system (Invitrogen, Carlsbad, California) per the manufacturer's instructions, with the addition of 0.5 l of the 10 mM primers used to generate each probe. After hybridization and washing, membranes were used to expose MP Hyperfilm (GE Healthcare, Chalfont St. Giles, United Kingdom).
The nucleotide sequence of the N. crassa MID1 locus was obtained from http://mips.helmholtz-muenchen.de/genre/proj/ncrassa/. Analysis of PCR amplifications of an internal 808-bp sequence of MID1 performed using primers NcM1-F and NcM1-R from gDNA of the wild-type and mid1 mutant strains confirmed the presence and absence of MID1, respectively.
Characterization of G. zeae ⌬mid1 phenotypes. For characterization of vegetative growth and sexual development, carrot agar was center inoculated with a mycelial plug of the wild-type or individual mutants and incubated at room temperature under conditions of continuous light. Radial growth was measured at 24-h intervals until mycelia reached the edge of the petri dish (approximately 4 days). The first day and last day of growth were discounted. The growth rate was calculated by subtracting the colony diameter at 24 h from the diameter at 48 h. Four biological replicate experiments for each strain were performed, and the calculated growth rates of the replicates were averaged. Sexual development was monitored using squash mounts of perithecia at previously defined stages of development (25, 47) . Samples were observed on a Zeiss Standard microscope or a Leica DMRA2 microscope.
The level of calcium available in growth medium was adjusted to determine the effect on the wild-type and mutant strains. The characterization of vegetative growth was repeated for growth on carrot agar amended with 80 mM CaCl 2 and with 80 mM magnesium (MgCl 2 ). The significance of comparisons of the growth of the strains on carrot agar to PH-1 growth and of comparisons of the growth of the strains on carrot agar versus carrot agar-80 mM CaCl 2 was assessed. Because carrot agar is a rich, undefined medium, Bilay's medium (6) was supplemented to 10 mM with the cell-impermeative calcium chelator 1,2-bis(2-aminophenoxy)ethane-N,N,N,N,-tetraacetic acid tetrapotassium salt (BAPTA) to determine the ability of ⌬mid1 mutants to grow under limited calcium conditions, as previously described for ⌬cch1 mutants (26) , except that mycelia were used instead of macroconidia as an inoculum. To determine the effect of increased intracellular calcium levels, some strains were center inoculated on V8 agar, and after 48 h of growth, a point treatment of 10 l of either a 9.5 mM solution of A23187 calcium ionophore (in ethyl alcohol [ETOH]) or 100% ETOH was applied to a point slightly ahead of the leading edge of mycelial growth. Images were taken of the cultures 72 h posttreatment. Ascospore discharge assays were performed as previously described (49) using 12-mm-diameter discs of carrot agar removed from mature cultures, cut in half, and placed cut side down on glass microscope slides so that spores shot down the length of the slide. Slides were incubated in a humidity chamber for 24 h to allow discharged spores to collect on the glass slides. Ascospore discharge assays were repeated for all strains grown on carrot agar-80 mM CaCl 2 and for PH-1 grown and matured on carrot agar, with the addition of BAPTA at 1 mM and 10 mM at the time of assay setup. To quantify ascospore discharge, after the 24 h of incubation, the spores were washed off the slides and quantified. Data from the three replicate experiments were averaged.
A qualitative assessment of ascospore viability was performed for all strains. Three cirrhi per strain were recovered and suspended in 200 l of sterile diH 2 O. For strains that lacked cirrhi, three perithecia were crushed on a glass slide with a glass rod in 30 l of sterile diH 2 O to release ascospores. The crushed perithecia and ascospores were rinsed off the glass slides with 170 l of sterile diH 2 O. From these suspensions, 30 l from each strain was spread on water agar. The plates were incubated at room temperature for 48 h and examined under a dissecting microscope for the presence and abundance of germ tubes.
To quantify conidiation, surface mycelia collected from 12-mm-diameter circles of V8 medium fully colonized by each strain were used to inoculate 100 ml of CMC medium. The CMC cultures were incubated for 4 days at room temperature with shaking at 250 rpm. The 4-day cultures were filtered through Miracloth (Calbiochem, La Jolla, CA) to separate macroconidia from mycelia. The macroconidia were pelleted by centrifugation, resuspended in 1 ml of sterile diH 2 O, and quantified. Total conidiation of the strains in 100 ml of CMC-80 mM CaCl 2 was performed in the same manner.
Pathogenicity tests using 7 greenhouse-grown plants of Triticum aestivum L. cv. norm were performed with all strains. Plants near anthesis were inoculated with 10 l of 10 5 conidia ml Ϫ1 administered to a single floret in the middle of the head as previously described (24) . Fourteen days after inoculation, plants were scored for the numbers of symptomatic and asymptomatic florets.
Characterization of N. crassa ⌬mid1 ascus and ascospore morphology and ascospore discharge phenotype. Reciprocal wild-type and reciprocal ⌬mid1 crosses were performed, and cultures were grown as detailed above. When discharged ascospores were observed on the covers of the petri dishes containing the N. crassa wild-type strain or the ⌬mid1 crosses, the lids were washed with 1 ml of diH 2 O to collect the spores, and ascospores were observed by light microscopy. Squash mounts of mature perithecia from the two wild-type and the two ⌬mid1 crosses were also examined by light microscopy.
Statistical analysis. Analysis of variance (ANOVA) was performed to assess the significance of intragroup variations and of intergroup interactions and, when any were statistically significant, was followed by the post hoc Tukey's HSD test to return associated P values for all pairwise comparisons. ANOVA and Tukey's HSD test were performed using the R language and environment for Windows (40) . The electrophysiological data are shown as means Ϯ standard deviations (SD) (sample size). Independent comparisons of the two mutant strains with the PH1 wild-type strain by two-tail t tests were performed in Excel (Microsoft).
Microscopy and imaging. Samples were first observed with a Zeiss Standard microscope. To capture images, samples were observed using a Leica DMRA2 microscope and Q-Capture camera control software (Q-Imaging; Surrey, British Columbia, Canada). Images of strain growth and ascospore discharge assays were captured with a Nikon Coolpix 995 imaging system (Tokyo, Japan), except the images of growth on Bilay's-1 mM BAPTA, which were captured with an Alpha Innotech FluorChem 8900 imaging system (San Leandro, CA).
Electrophysiology experiments. Cultures were prepared by inoculating agar blocks of mycelium of the G. zeae strains onto strips (2.5 by 6 cm) of dialysis tubing that overlay Czapek medium (with 1.5% [wt/vol] agar) in petri dishes and then incubating at 25°C for 3 to 4 days. The dialysis tubing was cut with a razor blade to a size of about 1 by 3 cm, which included the growing edge of the colony, placed inside the cover of a 30-mm-diameter petri dish, and immobilized on the bottom with narrow strips of masking tape. The culture was flooded with 3 ml of buffer solution (BS), consisting of KCl (10 mM), CaCl 2 (1 mM), MgCl 2 (1 mM), sucrose (133 mM), and MES (10 mM), with the pH adjusted to 5.8 with KOH. Growth of hyphae at the colony edge resumed after flooding with BS (growth was monitored by taking thermal video prints of hyphae at the colony edge immediately after transfer to the microscope stage and about 10 min later with a 10ϫ objective). Electrical measurements were alternated between the three strains.
Trunk hyphae (3 to 10 m in diameter) about 0.5 cm behind the colony edge were selected (with a 40ϫ water immersion objective) for potential and currentvoltage measurements using double-barrel micropipettes. Micropipette fabrication was previously described in detail by Lew (29) . Voltage clamp methods for Neurospora crassa measurements have been described elsewhere (29, 30) . Current was injected through one barrel and voltage monitored through the other barrel. The voltage clamp protocol consisted of a bipolar staircase of resting potential and alternating positive-and negative-voltage clamps, each with a duration of 100 ms; voltage (to check voltage-clamping fidelity) and clamping current were measured during the last 5 ms of the clamp duration. There were no indications of any differences in time-dependent currents among the three strains: the clamping current had reached the steady state by 100 ms (data not shown). Measurements of current density in hyphae are complicated by the cable properties of the hypha, but the length constant (a measure of current along the hypha) for G. zeae hyphae is not known, so current densities (A m Ϫ2 ) could not be calculated (30) . The hyphal diameters of the two mutant strains (cch1 and mid1) were smaller than those of the PH1 wild type. Since hyphal diameters affect the input conductance measured from the slopes of the current-voltage relations, to compare the current-voltage relations of the three strains, the currents (and current-voltage slopes) were normalized to (hyphal diameter) 2 .
The potential is comprised of contributions from the Goldman-Hodgkin-Katz potential for permeant ions and the activity of plasma membrane electrogenic H ϩ -ATPase. To assess as directly as possible the contribution of H ϩ -ATPase to electrogenicity at the plasma membrane, hyphae were treated with the respiratory inhibitor cyanide (0.5 ml from a 50 mM NaCN stock in BS; final concentration, 7.1 mM) to deplete cellular ATP and inhibit the H ϩ -ATPase (32, 42) .
RESULTS
Function of Mid1 and Cch1 in Gibberella zeae. Mid1 function was examined by replacing the entire MID1 coding sequence with the dominant selectable hph marker, encoding hygromycin phosphotransferase, thus conferring hygromycin resistance. From a single transformation experiment using split-marker constructs targeted to the MID1 locus, 24 hygromycin-resistant colonies were obtained. Two of three colonies examined displayed slowed vegetative growth and were designated ⌬2 and ⌬12. PCR analysis of the two mutants revealed amplicons consistent with replacement of MID1 by hph. The remaining strain, designated E1, displayed wild-type growth, and the PCR analysis was consistent with ectopic insertion of the disruption construct. To generate a strain for Mid1 complementation, ⌬2 was first crossed to nit1 mutant PH-1 55 and progeny were screened for the ⌬mid1 nit1 phenotype. From three recombinant cirrhi analyzed from the cross, 16 nit Ϫ colonies were isolated. PCR analysis indicated that the four progeny were ⌬mid1 nit1 double mutants. The ⌬mid1 nit1 double mutant, designated mn-11, was used for complementation. Cotransformation of mn-11 protoplasts with the MID1 complementation amplicon and split NIT1 constructs was performed, resulting in selection of 25 nitrate-utilizing colonies. PCR analysis revealed that two transformants, designated C1 and C2, contained both hph and MID1 sequences. Both complements exhibited wild-type vegetative growth and colony morphology. To generate ⌬mid1 ⌬cch1 double mutants, ⌬mid1 nit1 double mutant mn-11 was crossed with ⌬cch1-T14 (T14; 26). We isolated 24 colonies displaying slow but dense colony growth on MMTS, indicating nit ϩ and calcium uptake deficiency phenotypes. PCR analysis of 12 isolates indicated that one strain lacked both MID1 and CCH1 coding sequences; that strain was designated ⌬m⌬c.
The status of all strains was confirmed by Southern analysis (Fig. 1) . The L (left flank; see Materials and Methods) fragment of Mid1 was expected to hybridize to a 5.4-kb band in PH-1 and a 3.9-kb fragment in the mutants. The probe hybridized to multiple unidentified fragments in E1, indicating that multiple ectopic insertions of the L5-containing replacement construct had occurred (Fig. 1A) . Complements C1 and C2 also displayed probe hybridization to the ϳ3.9-kb fragment and to a larger ϳ6.5-kb fragment, showing that MID1 had been deleted and complemented by an ectopic insertion of the wildtype MID1 sequence. Unexpectedly, wild-type parent strain PH-1 and E1 showed hybridization to the ϳ3.9-kb fragment. To ensure that the unexpected hybridization was nonspecific rather than resulting from contamination with a ⌬mid1 strain, an internal hph probe was used to hybridize to an identically prepared membrane (Fig. 1B) . Hybridization to the ϳ3.9-kb and ϳ1.4-kb fragments (as expected if MID1 had been replaced) occurred in all strains except PH-1 and E1. No hybridization of the hph probe occurred in PH-1, indicating that the unexpected hybridization of the L5 fragment was nonspecific. In strain E1, the hph probe hybridized to the ϳ3.9-kb fragment and to numerous other fragments of various sizes but not to the ϳ1.4-kb fragment, also supporting the L5 probe results. Strains ⌬2 and C2 also exhibited multiple probe hybridizations to other fragments. The double mutant ⌬m⌬c had multiple other hybridized fragments, because CCH1 was also replaced using an hph construct.
Mutants lacking functional Mid1 grew at a lower rate than PH-1 (Fig. 2) . No distinctive pattern of branching could be discerned that correlated with the fluffy phenotype. PH-1, E1, C1, and C2 grew in the presence of 1 mM BAPTA chelating agent for 4 days before growth was arrested, while mutants ⌬2, ⌬12, and ⌬m⌬c were unable to colonize (Fig. 2) . Growth of PH-1 and ⌬2 on V8 medium, spot amended with calcium ionophore A23187 or with ETOH (control), was examined. Both strains were unaffected on the control medium ( Fig. 3A  and C) . PH-1 fully colonized the ionophore-amended medium and showed only a slight reduction of aerial hyphae at the point of ionophore application (Fig. 3B) . Mutant ⌬2 slowly colonized the ionophore-amended medium and produce much less aerial hyphae than the control (Fig. 3D) . Addition of up to 1.2 M NaCl to Czapek-Dox agar showed similar growth reductions with both mutants and PH-1 (data not shown).
All strains produced morphologically normal mature perithecia. Examination of perithecial squash mounts by light microscopy at 24-h intervals from 4 to 6 days postinduction showed that asci and spores of all strains appeared normal; however, perithecia in the ⌬mid1 and ⌬mid1 ⌬cch1 mutants reached maturity ϳ24 h later. The mutants also displayed abnormal ascospore development, producing predominately two-celled spores (Fig. 4A) . Some mutant spores developed constrictions at the central septum and occasionally split in half after release from the ascus. The PH-1, E1, C1, and C2 strains produced predominately normal four-celled ascospores ( Fig.  4B and C) . A qualitative examination of ascospore viability showed that spores from all strains germinated but that the hyphal density of the mutants was lower after 2 days of growth by germinating ascospores. Ascospore discharge was reduced in the mutants and partially restored by addition of exogenous calcium upon induction of the sexual stage (Fig. 5) . Strains E1, C1, and C2 forcibly discharged ascospores in a manner similar to that seen with PH-1. The ⌬mid1 and ⌬mid1 ⌬cch1 mutants failed to produce cirrhi, and additional calcium did not provide a notable increase in cirrhus formation.
To better determine the effects of MID1 deletion on growth and development, quantification of vegetative growth, ascospore discharge, and macroconidium production was performed with each strain (Fig. 6) . On carrot agar, the ⌬mid1 mutants and the ⌬mid1 ⌬cch1 mutant showed large and significant reductions in vegetative growth rate compared to PH-1 (P Ͻ 0.001) (Fig. 6A) . The C1 complement also showed a smaller but significant reduction (P Ͻ 0.05). The growth rates of the E1 and C2 strains did not differ significantly from that of PH-1. When grown on carrot agar-80 mM Ca 2ϩ , the growth rates of all mutants increased significantly from their growth rate on unamended carrot agar (P Ͻ 0.05) but were still significantly different at approximately 67% or less of the PH-1 growth rates on unamended carrot agar (P Ͻ 0.001). The growth rates of PH-1, E1, C1, and C2 were not significantly different on carrot agar with or without calcium supplementation. The growth rates of all strains on carrot agar amended with 80 mM Mg 2ϩ were not significantly different from the growth rates on unamended carrot agar.
On unmodified carrot agar, the mutants ⌬2, ⌬12, T14, and ⌬m⌬c showed significant reductions (12-, 14-, 10-, and 19-fold, respectively) in numbers of ascospores discharged (P Ͻ 0.001; Fig. 6B ). Complement C2 and ectopic E1 displayed smaller but significant reductions (ϳ2-fold) in levels of ascospore discharge (P Ͻ 0.01 and P Ͻ 0.05, respectively). E1 and C1 levels did not differ significantly from PH-1 levels. When supplemented with 80 mM CaCl 2 , all mutants showed significant increases in ascospore discharge (P Ͻ 0.001). Additionally, the wild-type strain grown on carrot agar treated with 1 mM or 10 mM BAPTA at the initiation of the discharge assay showed asignificant dose-dependent reduction in ascospore release (P Ͻ 0.001) compared to the wild-type strain grown on unmodified carrot agar, while the water control results were not significantly different from those of the untreated wild-type strain.
All mutants produced significantly fewer macroconidia than PH-1 (P Ͻ 0.01; Fig. 6C ). Complement C1 produced significantly more macroconidia than the wild-type strain (P Ͻ 0.05). Quantification of macroconidium production of the strains grown in CMC amended with 80 mM Ca 2ϩ was unsuccessful. For all strains, the calcium-supplemented culture stimulated secretion of a gelatinous substance that pelleted with the conidia, preventing an accurate tally.
To assess the impact of the loss of Mid1 on G. zeae pathogenicity, seven wheat plants were inoculated with macroconidia from each strain, and all were successfully infected. While infection by the mutants seemed slightly less vigorous than infection by the other strains, no significant differences in the numbers of symptomatic kernels were found (data not shown).
Function of Mid1 in Neurospora crassa. The reciprocal crosses of N. crassa ⌬mid1 mutants produced normal perithecia and discharged ascospores. The discharged ascospores were compared to those from wild-type crosses and were found to be morphologically normal. Examination of squash mounts of perithecia also revealed morphologically normal asci and ascospores arising from the ⌬mid1 crosses (data not shown).
Gibberella electrophysiology. PH-1, ⌬2, and T14 strains were impaled successfully with double-barrel micropipettes. A summary of electrical properties is shown in Fig. 7 (examples of electrical traces are presented in Fig. 7A , a summary of potentials before and after cyanide treatment in Fig. 7B , and current-voltage relations in Fig. 7C ). When the micropipette was pressed against the cell, a small negative potential of Ϫ5 to Ϫ20 mV, presumably representing a Donnan potential for the wall, was occasionally observed. When impalement into the cell was performed, a stable negative-inside potential was obtained within about 1 min (Fig. 7A) . The potentials of the three strains were similar: the wild-type strain potential was Ϫ149 Ϯ 21 (14) , the mid1 mutant potential was Ϫ146 Ϯ 19 mV (13) and the cch1 mutant potential was Ϫ145 Ϯ 18 mV (13). Electrophysiology experiments on asci were not possible due to size limitations.
To compare as directly as possible the levels of in vivo activity of electrogenic H ϩ -ATPase in the three strains, ATP was depleted by treatment with the respiratory inhibitor cyanide per the experimental results of a previous N. crassa study (42) (Fig. 7B) . The depolarized potentials-due to the Goldman-Hodgkin-Katz potential for permeant ions-were very similar: the wild-type strain potential was Ϫ47 Ϯ 11 (14) [mean Ϯ SD (sample size)], the mid1 mutant potential was Ϫ51 Ϯ 12 mV (13) (P ϭ 0.402), and the cch1 mutant potential was Ϫ56 Ϯ 15 mV (13) (P ϭ 0.092). The measurements of the ATP-dependent contribution to the potentials (potential after cyanide treatment minus the potential before cyanide treatment) were also very similar: the wild-type strain value was 102 Ϯ 19 (14) , the mid1 mutant value was 95 Ϯ 17 mV (13) (P ϭ 0.374), and the cch1 mutant value was 89 Ϯ 14 mV (13) (P ϭ 0.057). Thus, both the "passive" (Nernstian) and active (H ϩ -ATPase) contributions were the same for the three strains.
After the potential reached the steady state, three currentvoltage measurements were performed before and after cyanide treatment. Conductances were calculated from the slopes of the current-voltage relations (which were linear; Fig. 7C ). The input conductance (S) seen with the wild-type strain was significantly higher than that of either mutant at 32.3 Ϯ 11.3 nS (14) compared to 17.8 Ϯ 7.1 nS (13) for the mid1 mutant (P ϭ 0.001) and 21.1 Ϯ 10.0 nS (13) for the cch1 mutant (P ϭ 0.008), but these differences can be attributed to the hyphal diameters of the measured cells. The wild-type strain had larger hyphae than either of the mutant strains, with a measured diameter of 8.0 Ϯ 1.2 m (14) compared to 5.4 Ϯ 0.7 m for the mid1 mutant (P Ͻ 10 Ϫ6 ) and 5.8 Ϯ 0.8 m for the cch1 mutant (P Ͻ 10 Ϫ4 ). Because input conductance is higher for larger hyphae when the specific conductance (S m Ϫ2 ) is the same, the conductance measurements were normalized to hyphal diameters 
DISCUSSION
An obvious application for the stretch-activated channel Mid1 is membrane stretch during ascospore discharge, which stimulated our exploration of the Cch1/Mid1 complex in G. zeae. Here, we showed that ⌬mid1 mutants and the ⌬mid1 ⌬cch1 double mutant of G. zeae exhibited significantly reduced forcible ascospore discharge, slowed vegetative growth, reduced conidiation, and a high frequency of abnormal ascospores. These characteristics are similar to those of the ⌬cch1 mutant (26) , but loss of Mid1 function resulted in phenotypes of greater severity than loss of Cch1 in G. zeae. Here we also show that neither the potential E m nor the conductance g m is affected in the ⌬mid1 and ⌬cch1mutants, indicating that, as transporters, the mid1 and cch1 gene products do not contribute measurably to the plasma membrane potential and that the downstream phenotypic effects (exemplified by poor growth) are not reflected by changes in plasma membrane ion transport. Furthermore, osmotic sensitivity experiments did not indicate any defect in osmotic response among the mutants. Supplementation of cultures of the ⌬mid1 and the ⌬mid1 ⌬cch1 mutants with exogenous Ca 2ϩ partially rescued forcible discharge and vegetative growth but did not rescue the abnormal development of ascospores. These results indicate that the defect in the mid1 and cch1 mutants is one of calcium signaling, an interpretation that is supported by the ability to rescue the mutants with supplementary calcium. The sensitivity of the mutants to the A23187 ionophore, which artificially elevates cytoplasmic calcium levels, suggests that there is also a lesion in calcium homeostasis. Assuming that the electrical properties in asci and hyphae are similar, we can conclude that the Cch1/ Mid1 complex has a signaling role in ascospore discharge.
If the G. zeae MID1 and CCH1 gene products had contributed significantly to the overall electrical properties of the hyphal plasma membrane, either the potential or conductance would have been affected in the mutants, which was not the case. The electrical potential reflects the contributions of permeant ions and active transport; this is commonly summarized by the equation E m ϭ I pump /g m ϩ E G , which states that the membrane potential is the sum of pump current divided by conductance (I pump /g m ) and the Goldman-Hodgkin-Katz potential for permeant ions (E G ) (43) . Conductance reflects the total value for voltage-dependent ion transport across the plasma membrane. This is different from the situation in N. crassa, for which the mid1 mutant exhibits significantly lower H ϩ -ATPase activity as measured by cyanide-induced depolarization of the membrane (31) . BLAST searches revealed a very close match between the N. crassa plasma membrane H ϩ -ATPase (pma-1; NCU01680) and that of G. zeae (FGSG_01425) (identities 86% over 923 amino acids). Thus, despite the presence of MID1, CCH1, and PMA1 in both organisms, the roles of Mid1 and Cch1 with respect to Pma1 are distinct in the hyphae.
The use of cyanide as a respiratory inhibitor in N. crassa to deplete ATP is well established (42) . In the longer term (about 30 min), N. crassa becomes resistant to cyanide due to expression of an alternate oxidase (33) ; alternate oxidases are also found in Fusarium spp. (1) . In addition, both fungi have cyanide-degrading enzymes (2) . However, the characteristics of the cyanide-induced depolarizations in G. zeae and N. crassa are the same, so it is very likely that the rapid effect of cyanide-induced ATP depletion leading to inhibition of the electrogenic H ϩ -ATPase occurs in G. zeae in a manner similar to that seen with N. crassa.
Previous studies have shown a role in higher fungi for stretch-activated ion channels in thigmotropic responses to ridges on plant surfaces in the bean rust Uromyces appendiculatus (52), responses to surface ridges and fungicide sensitivity in the human pathogen Candida albicans (10, 50) , pheromone responses in S. cerevisiae (28) , infection of plant tissues in Claviceps purpurea (7) , and vigorous mycelial growth of N. crassa (31) . In S. cerevisiae, Cch1 and Mid1 were found to coimmunoprecipitate and yet respond to some stimuli differently, suggesting both cooperative and individual functions (15, 34, 46) . In G. zeae, the ⌬mid1 ⌬cch1 double mutant exhibited phenotypes of slightly greater severity than the ⌬mid1 mutant from which it was generated, supporting the idea of both dependent and independent roles for Mid1 and Cch1 in calcium entry. However, even in the absence of both calcium channels, the double mutant showed a partial rescue of the mutant phenotypes with calcium supplementation, suggesting the presence of one or more alternate calcium uptake routes.
The results from the quantification of vegetative growth, ascospore discharge, and macroconidium production demonstrate that complementation of ⌬mid1 mutants does not perfectly recapitulate the wild-type phenotypes, as complement strain C1 showed a significant reduction in growth rate and a significant increase in macroconidium production and complement C2 showed a significant decrease in ascospore discharge. Since both complements showed hybridization to a fragment of expected size for the replacement construct at the MID1 locus and a second fragment larger than the fragment expected of the wild-type MID1 locus (Fig. 1A) , MID1 was most likely being provided in trans, and differences in distal cis regulatory elements at the integration site and the native MID1 locus may explain the observed results. It is also possible that, during the integration event, not all the proximal MID1 promoter integrated. Further investigation into the nature of these differences was not pursued.
In C. purpurea, ⌬mid1 mutants were apathogenic (7), while the pathogenicity of Magneporthe grisea ⌬mid1 and ⌬cch1 mutants was only slightly reduced (37) . G. zeae ⌬cch1 mutants (26) and the ⌬mid1 and ⌬cch1⌬mid1 mutants examined here showed a slightly slower progression of disease. However, the reduction in conidium production and greatly reduced ascospore discharge characteristic of these mutants would likely result in a reduced spread of disease caused by these mutants in the field.
Despite the divergence of phenotypes among ⌬mid1 mutants of the fungi studied, the ability to perform complementation using exogenous calcium appears to distinguish two phenotypes. Growth defects in N. crassa and C. purpurea and the thigmotropism and sinusoid growth in C. albicans cannot be chemically complemented. In contrast, growth defects in G. zeae (except for ascospore shape) and S. cerevisiae and galvanotropism of C. albicans can be at least partially complemented. One possible explanation is a critical role for Mid1 in calcium transport in the former set but not the latter. Interestingly, both G. zeae and C. albicans have phenotypes in both groups. In the case of ascospore shape in G. zeae, Mid1 may play a crucial role in transport during spore formation. Interestingly, Mid1 plays an important role in niche adaptation of G. zeae (ascospore discharge), C. albicans (sinusoidal growth for penetration of host tissues [9] ), C. purpurea (infection of hosts [7] ), and yeast (mating [26] and environmental stress [39] ). The diversity of roles this protein plays among fungi indicates its evolutionary malleability to support niche-specific activities.
Ascus function is unique in several respects. It is a one-way, single-occurrence, destructive process, without a requirement to regenerate a functional ascus; it occurs after all of the nuclei are packaged within walled spores, and it occurs rapidly (in G. zeae, one ascus fires every 45 s under optimal conditions [Trail, unpublished] ). The ascus naturally stretches lengthwise when external pressure is applied. It seems likely that the natural conditions of humidity and wetness that trigger ascospore discharge would cause mature asci to swell, activating Mid1 and sending a signal for rapid firing of spores. The downstream targets of that signal are currently not known, and experiments designed to identify them are in progress. Localized vesicle fusion is thought to explain the calcium-regulated tip reorientation of C. albicans (10) . Vesicles are not prominent in the mature asci of G. zeae (unpublished observations), and the process appears to be more rapid than fusion would permit, so another mechanism must contribute to the rapid stretch of the asci leading to spore ejection.
